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The breakup of the supercontinent Gondwanaland into Africa, Antarctica, Australia and India about 140 million years ago, and consequently the opening of the Indian Ocean, is thought to have been caused by heating of the lithosphere from below by a large plume whose relicts are now the Marion, Kerguelen and Réunion plumes. Plate reconstructions based on palaeomagnetic data suggest that the Indian plate attained a very high speed (18-20 cm yr 21 during the late Cretaceous period) subsequent to its breakup from Gondwanaland, and then slowed to 5 cm yr 21 after the continental collision with Asia 50 Myr ago 1, 2 . The Australian and African plates moved comparatively less distance and at much lower speeds of 2-4 cm yr 21 (refs 3-5) . Antarctica remained almost stationary. This mobility makes India unique among the fragments of Gondwanaland. Here we propose that when the fragments of Gondwanaland were separated by the plume, the penetration of their lithospheric roots into the asthenosphere were important in determining their speed. We estimated the thickness of the lithospheric plates of the different fragments of Gondwanaland around the Indian Ocean by using the shear-wave receiver function technique. We found that the fragment of Gondwanaland with clearly the thinnest lithosphere is India. The lithospheric roots in South Africa, Australia and Antarctica are between 180 and 300 km deep, whereas the Indian lithosphere extends only about 100 km deep. We infer that the plume that partitioned Gondwanaland may have also melted the lower half of the Indian lithosphere, thus permitting faster motion due to ridge push or slab pull.
The term lithosphere, commonly understood as describing Earth's rigid outer shell floating on a viscous asthenosphere, originally evolved in a mechanical sense 6 to explain the post-glacial rebound phenomenon. Since then, several usages of this term have evolved, such as thermal, chemical and seismic lithospheres 7 . Traditionally, seismologists refer to this boundary as the Gutenberg discontinuity after the discovery of low-velocity zones in regions underlying oceanic basins by Gutenberg 8 . Old and stable continental regions are understood to be underlain by a thick lithosphere 9 , as demonstrated by the presence of numerous diamondiferous regions located within their interiors. Results from seismic tomography show the presence of deep roots in old continents such as Africa where the lithospheric thickness exceeds 250 km (ref. 10) .
Alterations of the primordial lithospheric configuration due to passage over hotspots in areas covered by vast regions of basalt on the continent (large igneous provinces) are also shown by thinning of the lithosphere and by the presence of low-velocity uppermost mantle. Because the thickness of the lithosphere has a prominent role in shielding the mantle attrition processes that are vital for determining the stability factor for the survival of the Precambrian crust, its precise determination is important. In addition, imprints of major tectonic events such as passage over hotspots (plume-lithosphere interaction), rifting due to continental breakup, and continental collision are expected to be manifested as alterations in the deep lithospheric architecture.
We apply a recently developed seismic method (shear-wave (S) receiver functions) to determine with high accuracy the depth of the lithosphere/asthenosphere boundary (LAB) in the region of the Indian Ocean and the surrounding fragments of Gondwanaland. Figure 1 and Supplementary Fig. 1 show the distribution of the seismic stations used. This method uses S-to-P converted waves from the LAB beneath a seismic station. Details of the technique and examples of applications in other regions have been given in several papers [11] [12] [13] [14] [15] [16] [17] [18] . The observed S receiver functions are shown in Fig. 2c . The agreement between computed and observed seismograms is very good. A simple model with a homogeneous crust and a homogeneous lithosphere above the asthenosphere can explain most features of the observations. Only the depths of the Moho and of the LAB need to be varied. In this study we have not attempted to model the sharpness of the discontinuities, but the relative amplitudes of the Moho and LAB phases with respect to their corresponding direct S phases clearly reveal that the amplitude at Moho is twofold to threefold that for LAB. An interesting feature of Fig. 2d is that the cratonization of the lithosphere is reflected in a decrease in the LAB amplitudes, whereas the Moho amplitudes remain nearly stable from oceanic regions to cratons.
For verification that a large LAB time corresponds to a thick highvelocity mantle lid, we examined the arrival times of the P-to-S converted waves from the discontinuity at 410 km, which roughly sample the average velocity above 410 km depth. The existence of a thick high-velocity lid can cause the converted waves to travel faster, at a rate proportional to the lid thickness. Consequently, the times of the P-to-S converted waves from the 410-km discontinuity should anticorrelate with the times of the S-to-P conversions from the LAB. In Fig. 3 , we show the measured times from the LAB and from the 410-km and 660-km discontinuities. The waveform data of the conversions of the data from the 410-km and 660-km discontinuities are shown in Supplementary Fig. 6 . Figure 3 shows clearly that the times from the LAB and the 410-km discontinuity are anticorrelated, whereas those of the 410-km discontinuity and the 660-km discontinuity are correlated. Small LAB depths correlate with low average velocities above the 410-km discontinuity. The correlation of the times from the 410-km and 660-km discontinuities suggests that most of the time variations can be attributed to mantle velocity variation above 410 km depth. The possible influence of the topography of the 410-km discontinuity on this conclusion is small 19 . As shown in Fig. 1 , on the basis of the data given in Fig. 2a and Supplementary Table 1, the lithosphere is very thin in the young regions of the mid-oceanic ridges and is very thick (more than 180 km) below the cratons of South Africa, Antarctica and Australia. The Indian lithosphere is ,100 km thick or less, although it was a part of the same Gondwanaland. Six stations on the Indian shield, namely DHD (situated on the western Dharwar craton), HYB and CUD (situated on the Eastern Dharwar craton), KGD (situated within the Godavari rift zone), and BHPL and BOKR in northern India, indicate a lithospheric thickness of 80-100 km. Such a thin lithosphere for the Indian shield is unexpected, because all these stations are sited on Archaean basement, away from the coast. Earlier studies of the lithospheric thickness in India do not lead to a homogeneous picture. Surface-wave tomography studies reveal that the lithosphere could be ,100 km (ref. 20) or 150 km (ref. 21) thick. Lithospheric thickness estimates based on temperature-depth profiles 22 yield an average thickness of 104 km for the Indian shield region. Studies based on temperature data constrained by pressuretemperature estimates from xenoliths lead to a thickness of 200-250 km (ref. 23 ) or 160 km (ref. 24) (adding S velocity data). Our estimates of lithospheric thickness are based purely on the seismic body-wave observations, yielding the present-day lithospheric thickness. We also consider that the resolution of our body-wave data is higher than that of the long-period surface-wave data. The lithosphere in the south Indian shield must originally have been thick, in view of the presence of diamond-bearing kimberlites 24 close to HYB. There is now an increasing use of structural and metamorphic pressure-temperature data, precise dating measurements and comparison of subsurface geophysical models to aid in palaeocontinent reconstructions with respect to Gondwanaland and Rodinia 25 . Diamonds originate in the deep roots of ancient continental blocks that extend into the diamond stability field beneath ,140 km and more. Ar-Ar dating of the kimberlites in the Indian shield constrains their age to the Proterozoic era (,1,091 6 20 Myr (ref. 26) ). Because LETTERS the diamonds are older than the kimberlites that transport them to the surface, the lithosphere in this region must have been thicker before the breakup of Gondwanaland. The high speed attained by India during the Cretaceous period coupled with the present-day estimates prompts us to argue that the originally thick lithosphere beneath India seems to have been preferentially thinned by a large plume either during or immediately after the Gondwana breakup ,130 Myr ago 2 . Subsequently, the Indian plate could have been further degenerated by the influence of its passage over the hotspots and the large-scale magmatic extrusions such as the Deccan and Rajmahal traps, although their role in thinning of the lithosphere cannot be ascertained. Osmium isotopic studies suggest a lack of evidence for the involvement of the subcontinental mantle lithosphere in Rajmahal basalts 27 , which seem to share an origin with the Kerguelen lavas 28 . Figure 4 shows a reconstruction of Gondwanaland with the present-day lithospheric thickness, which is exceptionally small beneath India and east Africa. The loss of the lithospheric roots might have been the reason that the Indian plate attained a very high velocity of 20 cm yr 21 , which is unusual for any continental lithospheric plate 29 . The plate speed, resulting from either a push caused by a hot mantle source or a trench pull due to a cold downwelling slab, increases with decreasing root depth 30 . In the present study, the thickest lithosphere (,300 km) is found in the oldest continental nuclei in the Kaapvaal craton (Supplementary Fig. 2) , which is diamond bearing, implying that the lithosphere is preserved over Archaean times. The other stations in the Archaean Kaapvaal craton also indicate a lithosphere thicker than 250 km. This result is supported by independent studies of seismic tomography 10 . As expected, the thickness of the lithosphere found by seismic tomography 31 CRZF  BTDF  PAF  COCO  CUD  RER  FURI  PALK  MSEY  KGD  CAN  DHD  BHPL  ABKT  PSI  HYB  CASY  BOKR  UGM  KMBO  TSUM  SYO  SUR  RAYN  NWAO  SPA  WRAB  BGCA  INDEPTH   STKA  BOSA  LSZ 
